Axons are the cable-like neuronal processes wiring the nervous system. They contain parallel 15 bundles of microtubules as structural backbones, surrounded by regularly-spaced actin rings 16 termed the periodic membrane skeleton (PMS). Despite being an evolutionarily-conserved, 17 ubiquitous, highly-ordered feature of axons, the function of PMS is unknown. Here we studied 18 PMS abundance, organisation and function, combining versatile Drosophila genetics with super-19 resolution microscopy and various functional readouts. Analyses with 11 different actin 20 regulators and 3 actin-targeting drugs suggest PMS to contain short actin filaments which are 21 depolymerisation resistant and sensitive to spectrin, adducin and nucleator deficiency -22 31 32
consistent with microscopy-derived models proposing PMS as specialised cortical actin. Upon 23 actin removal we observed gaps in microtubule bundles, reduced microtubule polymerisation 24 and reduced axon numbers suggesting a role of PMS in microtubule organisation. These effects 25 become strongly enhanced when carried out in neurons lacking the microtubule-stabilising 26 protein Short stop (Shot). Combining the aforementioned actin manipulations with Shot 27 deficiency revealed a close correlation between PMS abundance and microtubule regulation, 28 consistent with a model in which PMS-dependent microtubule polymerisation contributes to their 29 maintenance in axons. We discuss potential implications of this novel PMS function along axon 30 shafts for axon maintenance and regeneration.
Introduction 43 Axons are slender, cable-like extensions of neurons which wire the nervous system and 44 propagate nerve impulses (Prokop, 2013) . Their damage causes impairment of movement or 45 cognitive abilities (Smith et al., 2000) , yet most axons cannot be replaced and their delicate 46 structure usually has to be maintained for an organism's lifetime. Unsurprisingly, we gradually 47 lose half our axons during healthy ageing and far more in neurodegenerative diseases (Adalbert 48 and Coleman, 2012). 49 We want to understand the mechanisms of long-term axon maintenance, which will also 50 be relevant for our understanding of axon pathology during ageing and disease. For this, we 51 focus on the cytoskeleton and its immediate regulators, which have prominent hereditary links to 52 neurodegenerative disorders . Of particular importance are parallel bundles 53 of MTs which run the length of axons; they need to be actively maintained because they form 54 the structural backbones of axons and highways for life-sustaining transport of materials, 55 organelles and signals between cell bodies and the distal synaptic endings (Prokop, 2013 ; 56 Voelzmann et al., 2016b). 57 F-actin is a potent regulator of MTs in neuronal contexts, such as in growth cones or 58 axonal branching Kalil and Dent, 2014) , but it is unknown whether F-actin 59 might also be a regulator during MT maintenance in axons. Most of the actin networks occurring 60 in axons appear ill-suited for such a task because they are locally restricted or short-lived, 61 including dense networks at the axon initial segment (Rasband, 2010 68 PMS is believed to represent a specific form of cortical F-actin: it consists of short, 69 adducin-capped actin filaments which are bundled into rings and cross-linked by spectrins that 70 space them into regular ~180 nm intervals. However, this model is mainly based on super-71 resolution microscopical analyses, and very few actin regulators have been functionally 72 assessed so far for their potential contributions to PMS architecture. Thus, it was suggested that 73 spectrins play a major role in their formation (Zhong et al., 2014) , whereas knock-down of 74 ankyrinB (Zhong et al., 2014) or loss of adducin (Leite et al., 2016) had no effect on PMS 75 organisation. 76 Here we took a new approach to analyse PMS. Analyses performed so far made use of 77 STORM or STED microscopy, whereas we used structured illumination microscopy (SIM). SIM 78 provides slightly lower resolution but gives highly robust readouts for the periodic patterns which 79 enabled us to perform quantitative analyses of PMS abundance across axon populations. As 80 our cellular system we used neurons of the fruit fly Drosophila which provide easy access to 81 experimental and genetic analyses , and so we were able to study the 82 functional depletion of 11 actin regulators and 3 actin-targeting drugs. We found a range of 83 robust and highly reproducible effects on PMS which provide functional support for the view that 84 PMS represents cortical actin specialisations. We then combined these actin manipulations with 85 a number of readouts for axonal MTs, suggesting prominent roles for cortical actin networks in 86 promoting the polymerisation of axonal MTs relevant for axon maintenance.
Materials & Methods

88
Fly stocks 89 All mutant alleles used in this study are well characterised. The following loss-of-function 90 mutant alleles were used: 91 The Hu li tai shao/adducin loss-of-function mutant allele hts 1 and hts 01103 The two chemically induced short stop mutant alleles shot 3 and shot sf20 are widely used 129 and are the strongest available (likely null) alleles (Kolodziej et al., 1995; Prokop et al., 1998) . 130 For live imaging with the UAS-eb1-GFP line (courtesy of P. Kolodziej analyses were performed blindly, i.e. the genotype or treatment of specimens was masked. 206 We can be certain that analysed neurites represent axons. Thus, dendrites in our culture Synaptotagmin typically found only in axons . Therefore, by choosing neurites of >6µm length located at sufficient distance from cell bodies, we are confident that all images represent axonal 212 segments. 213 Filopodial lengths were measured using the segmented line tool in ImageJ. We included 214 filopodia along axon shafts and at growth cones, but excluded those on cell bodies. 215 MT disorganisation was assessed as MT disorganisation index (MDI), as first published 216 here: the area of disorganisation was measured using the freehand selection in ImageJ. This 217 value was then divided by axon length (measured using the segmented line tool in ImageJ) 218 multiplied by 0.5ìm (typical axon diameter), i.e. approximating axon area without 219 disorganisation. 220 To assess frequencies of neurons with axons ( Fig. 3 ), we double-labelled primary 221 neurons for tubulin and the neuron-specific nuclear protein Elav (Robinow and White, 1991) . 222 When defining an axon as a tubulin-stained process longer than the diameter of the soma ∑ =1 , is given by,
where ̅ is the mean of . For each profile the autocorrelation function is calculated, these are 245 then weighted by the length of the profile to give an average autocorrelation function,
where is the total number of profiles being averaged over. as 800nm, we found a significant reduction of PMS abundance down to 32% as compared to 287 wild type ( Fig. 2E ', F). 288 In contrast, LatA only sequesters actin monomers, thus primarily suppressing their 289 polymerisation (Peterson and Mitchison, 2002) . Accordingly, when we used 4hr low-dose 290 treatments with LatA at 200nM, this caused only a non-significant reduction to 94% ( Fig. 2A'' ',F). 291 As a positive control, we used young neurons which, in control cultures, display prominent 292 filopodia dependent on highly dynamic actin filament networks (Gonçalves-Pimentel et al., 2011). We found that 4hr and even 1hr treatments with either LatA or CytoD completely 294 eliminated filopodia ( Fig. 3B ,C,G), clearly demonstrating that both drugs were highly effective at 295 the low dosage used. 296 The differential effects that especially LatA had on dynamic actin networks in filopodia, 297 but not on the structure of PMS, suggests that the barbed ends of actin filaments in PMS are to 298 a degree protected against actin monomer sequestration. A candidate protein mediating this 299 effect could be adducin (see next section). 300 301 PMS abundance strongly depends on the cortical actin regulators spectrin and adducin 302 We next used SIM analyses of neurons at 10DIV and studied known components of 303 cortical actin, in particular spectrins, adducin and ankyrin (Baines, 2010) , which were all 304 reported to reside in or at PMS (Xu et al., 2013; Zhong et al., 2014) . 305 We first tested spectrins which usually form hetero-oligomers composed of αand ß-306 spectrins. Whilst there seems to be no reported data for α-spectrin in mammalian neurons, ß-307 spectrin was shown to localise at PMS, and it has been stated that knock-down of ßII-spectrin However, there was a larger variation in distances as was also reflected in the lower amplitude 319 in the averaged autocorrelation curve (Figs. 2G,H and S1). These findings suggest that α/ß-320 spectrin heter-oligomers contribute to PMS abundance and organisation, with ß-spectrin playing 321 a more important role as judged from the stronger phenotypes. 322 Our findings are in agreement with other reports which used very different readouts to 323 conclude that α-spectrin is of less importance in Drosophila neurons than ß-spectrin; ß-spectrin 324 maintains a good degree of functionality even in the absence of alpha ( Morrow, 1989; Pumplin, 1995) . 329 Adducin caps F-actin barbed ends and is therefore a likely candidate for providing a 330 mechanism that renders PMS less sensitive to CytoD and LatA. Surprisingly, complete loss of 331 mammalian adducin function was reported neither to affect the periodicity of PMS nor the 332 expression of spectrin (Leite et al., 2016) . However, this study did not investigate the abundance 333 of PMS. We therefore analysed PMS in neurons carrying the hts 1 null mutant allele which 334 abolishes Drosophila adducin. As observed in mammalian axons, we found that PMS in these 335 neurons had a normal periodicity of 183±2 nm (Fig. 2G, H) with a moderate deviation in reliability (Fig. S1) , and axonal α-spectrin staining seemed unaffected in hts 1 mutant neurons 337 ( Fig. S2 ). However, in contrast to the normal appearance of these qualitative measures, our 338 quantitative analyses of hts 1 mutant neurons revealed a strong reduction of PMS abundance to 339 43.5% (Fig. 2C', F) . To confirm this finding, we used the independent strong loss-of-function 340 mutant allele hts 01103 and likewise found a highly significant reduction in PMS abundance to 341 69.2% (Fig. 2F) . 342 Finally, we tested ankyrin which is known to link cortical actin to the membrane and other 343 structures, but was reported to not affect PMS formation in mammalian axons (Zhong et al., 344 2014). Similarly, our quantitative analyses using the null mutant ank2 518 allele showed only a 345 mild, non-significant reduction in PMS abundance to 92% (Fig. 2F) . 346 Taken together, two key players of cortical F-actin networks, spectrin and adducin, are 2G,H and S1). Next we tested the involvement of Ena/VASP which has a number of functions, 363 one being to closely collaborate with profilin in actin filament elongation (Bear and Gertler, 2009; 364 Gonçalves-Pimentel et al., 2011). However, when using the ena 23 allele to deplete Ena/VASP, 365 we found a significant reduction in PMS abundance at 10DIV to 83% (Fig. 2F) (4hrs at 10µM), showed an even stronger reduction to 60% and 68% ( Fig. 2B',F) . 377 Therefore, our data support the notion that PMS contains short actin filaments (Xu et al., 378 2013), and we propose that these filaments are accordingly high in number and therefore very . We therefore studied the 388 developmental timeline and found a gradual increase in PMS abundance from 20% at 6HIV 389 (hours in vitro) to 82% at 10DIV (Fig. 4A,C) . However, PMS in early neurons displayed a larger 390 average spacing of 197±4 nm, with extreme cases reaching up to 300 nm distance between 391 actin peaks, as is also reflected in an almost complete lack of information in averaged 392 autocorrelation curves for these neurons (data not shown). This is reminiscent of the 393 irregularities observed in β-Spec S012 mutant neurons at 10DIV (Figure 2G ,H) and might indicate 394 structural immaturity. 395 We therefore studied whether young PMS might deviate from mature PMS in other 396 ways, and challenged them with some of the actin manipulations we used at 10DIV (Fig. 4C) which is time enough to effectively eliminate filopodia and actin patches along axon shafts ( Fig.   407 3C), but is insufficient to cause significant PMS loss (Fig. 4B, D) . 408 To summarise our results so far, PMS in young growing axons appears qualitatively the 409 same, but still undergoes structural maturation, displays a higher dependence on polymerisation 410 and becomes gradually more abundant over a period of days. Our data suggest that PMS (1) F-actin has MT-maintaining roles in axons 420 We then started to explore the currently unknown, yet potentially important roles of PMS 421 or the cortical actin they represent (from now on referred to as PMS/cortical axon) in axons.
Interestingly, we observed that, compared to controls, axons of neurons treated with the actin-423 destabilising drug CytoD showed frequent gaps in their MT arrays. There was a 4.5-fold 424 increase in MT breaks or gaps upon 4hr treatment with 800nM CytoD (4-8HIV), and 9-fold 425 increase when doubling the CytoD dose to 1.6µM (Fig. 5C,D) . These gaps usually reflect 426 unstable MTs and have previously been reported to occur under strong MT-destabilising 427 conditions (Voelzmann et al., 2016b) . Importantly, these effects of CytoD were reverted when 428 washing out the drug during a 4hr period ( Fig. 5D ), suggesting that F-actin mediates some 429 sustained and acutely acting function in MT maintenance. In parallel, we observed that the 430 CytoD-treated neurons showed a significant trend to lose axons. Thus, 29% of neurons 431 (identified using the anti-ELAV antibody) tend to have no axon under normal conditions in our 432 cultures. This number is only insignificantly increased to 31% upon 4hr treatment with 800nM 433 CytoD, but to 45% of neurons when treating with 1.6µM CytoD for 4hrs ( Fig. 6B,E) . where MTs lack Shot-mediated protection, seem to benefit from parallel MT-maintaining 454 functions of F-actin. In agreement with this conclusion, we found that shot 3 mutant neurons 455 display normal PMS abundance (Fig. 2F) . 456 In conclusion, F-actin appears to protect axonal MTs through a sustained, acutely acting 457 mechanism, and the power of this stabilising function becomes particularly apparent when To understand how F-actin maintains MTs, we studied MT dynamics in axons upon drug 468 application. For this we performed live imaging of EB1::GFP, which primarily localises as 469 comets at plus ends of actively polymerising MTs (Fig.7A,B ; suppl. movies S1 and S2) (Alves- 470 Silva et al., 2012). 471 We first treated wildtype neurons at 6HIV or 3DIV with 800nM or 1.6µM CytoD and 472 measured the direct impact on the numbers and velocities of EB1::GFP comets (blue curves in 473 Fig. 7C-E) . Comet numbers were affected little or not at all by CytoD treatment at both culture 474 stages (Fig. 7C,D) , but at 6HIV the velocity of EB1 comets gradually decreased, and this effect 475 was clearly dose dependent (Fig. 7E ). This decrease is likely to reflect reduced net neurons at all stages analysed ( Fig. 7C-E) . In contrast, application of LatA to shot 3 mutant 491 neurons had no effect on comet number and velocity at 3DIV consistent with the fact that PMS 492 are not affected under these conditions (Fig. 7G) . At 6HIV, there seems to be a delayed drop in 493 comet numbers and velocity in shot 3 mutant neurons (Fig. 7F,H) , which would be consistent with 494 our observation of a delayed decrease in PMS abundance upon LatA application (Figs. 2F,4D) . 495 These data further suggest a role for PMS/cortical actin in MT maintenance and the 496 existence of a sustained mechanism downstream of PMS/cortical actin which acts through 497 stabilising MT polymerisation or preventing its inhibition. The data also support our notion that 498 Shot provides a parallel stabilising mechanism that likewise sustains MT polymerisation; and 499 both mechanisms seem to be able to compensate for each other. when the total length of axons becomes difficult to determine within the densely grown axon 510 networks (Fig. 1E,F) . 511 Using CytoD, we tested whether removal of PMS/cortical actin in shot 3 mutant neurons 512 affects the MDI, and we predicted a reduction due to the observed reduction in MT 513 polymerisation (Fig. 7) . When treated with 800nM CytoD from 4 to 8HIV, those neurons which 514 retained an axon no longer showed disorganisation (MDI = 0; all compared to untreated shot 3 515 mutant neurons; Fig. 8G ), and axons often appeared very thin (Fig. 6D ). This means that either 516 MTs in these axons become reorganised into bundles or they vanish, of which the latter would 517 be consistent with the overall loss of axons (Fig. 6) . At 3DIV, 4hr treatments with 800nM CytoD 518 significantly reduced the MDI by 48% (Fig.8H ). This phenotype is milder than at 8HIV and might 519 be explained by the fact that MT polymerisation (the process most likely affected by combined 520 loss of Shot and F-actin; Fig. 7) is less frequent in old neurons than young ones (8HIV: (Fig. 8H, 2F) ; at 8HIV, a preceding 1hr LatA treatment had no effect 5D and 6E), also suggesting that a reduction in MDI might involve loss of MTs. 530 We also found a correlation between MDI and PMS abundance when analysing neurons 531 in which the shot 3 mutant allele was combined with various mutations of actin regulators. For 532 example, the shot 3 SCAR Ä37 double-mutant neurons showed a highly significant reduction in 533 MDI at both 8HIV and 3DIV, correlating well with the significantly reduced PMS abundance 534 observed in SCAR Ä37 mutant neurons. In contrast, shot 3 chic 221 double-mutant neurons showed 535 no significant MDI reduction (Fig. 8A,G,H) , in agreement with the fact that the chic 221 mutation 536 does not affect PMS abundance (Fig. 2) . Therefore, these results also correlated well. 537 In total we analysed the MDI in 16 different conditions where drugs or actin-regulator 538 mutations were combined with shot 3 mutant background (Fig. 8 ). We then plotted these MDI 539 data (Fig. 8) 
